M
ammalian cells are able to mount autonomous defense responses that can eliminate invading intracellular bacterial pathogens. These responses are diverse and can defend against pathogens that thrive in vacuolar compartments, as well as microbes that escape into the nutrient-rich milieu of the cytosol. An emerging defense mechanism able to eliminate bacteria that gain access to the host cytosol involves ubiquitination of the pathogen and clearance of the organism by the host autophagy machinery. Until now, the proteins directly involved in detecting ubiquitinated bacteria and targeting them for destruction by the autophagy pathway have remained unidentified. In this issue of Nature Immunology, Thurston et al. report that the protein NDP52 functions as a receptor that recognizes ubiquitinated bacteria and coordinates their destruction by the autophagy pathway 1 .
Salmonella enterica serovars are common food-borne pathogens that have the ability to induce their own uptake into mammalian cells that are normally nonphagocytic, such as enterocytes 2 . Once internalized, S. enterica modulate the transport and fusion of the vacuoles in which they reside to create a specialized compartment that supports intracellular replication 3 . Occasionally, this S. enterica-containing vacuole will lyse, which results in the release of bacteria into the cytosol of the host cell, a location in which these bacteria can proliferate rap-NDP52: the missing link between ubiquitinated bacteria and autophagy
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Mammalian cells ubiquitinate bacteria that erroneously enter the cytosol and target these intruding microbes for destruction by autophagy. New work shows that the protein NDP52 directly binds to ubiquitinated bacteria and facilitates the assembly of an autophagic membrane that surrounds these invaders.
idly. Vacuole lysis occurs spontaneously at a low frequency and is greatly enhanced by disruption of the function of bacterial effector proteins critical for maintaining vacuole integrity 4 . Remarkably, it has been observed that the surface of intact cytosolic S. enterica is targeted by the host ubiquitinconjugation system, whereas pathogenic bacteria that have evolved specific mechanisms to replicate in the cytosol manage to avoid host ubiquitination 5 . Additional studies have shown that ubiquitinated S. enterica are targeted by the host autophagy system, which sequesters the bacteria in autophagosomes and restricts their ability to replicate intracellularly 6 . Similar results have been obtained with the Gram-positive organism Streptococcus pyogenes 7 , which demonstrates that the host autophagy pathway has a general and important role in defending cells against cytosolic intruders.
Independently of studies on the role autophagy might have in clearing cytosolic bacteria, it has been reported that vacuole lysis and intracellular proliferation of S. enterica, as well as of the enteropathogenic Escherichia coli and S. pyogenes, is greatly enhanced in mouse embryonic fibroblasts deficient in the kinase TBK1 (ref. 8 ). This phenomenon is not connected with the established role of TBK1 in the canonical signaling pathway that leads to the induction of type I interferons. In an effort to understand why TBK1 is important for maintaining the integrity of the salmonella-containing vacuole (SCV), it has been discovered that TBK1-deficient cells contain increased amounts of aquaporin-1 (ref. 9) . Aquaporins comprise a family of channel proteins that control water homeostasis, which suggests that in the absence of TBK1, the ability of the cell to balance the water exchange between the cytosol and the SCV during infection is impaired, resulting in vacuolar disruption and enhanced entry of S. enterica into the cytosol. Thus, the hyperproliferation of cytosolic bacteria in the TBK1-deficient cells was thought to be a consequence mainly of enhanced vacuole disruption. The findings by Thurston et al., however, indicate that TBK1 has additional roles in preventing the replication of cytosolic bacteria.
Thurston et al. make the important observation that the host proteins Nap1 and Sintbad localize together with ubiquitinated salmonella. Because Nap1 and Sintbad are 'upstream' regulators of TBK1, these data suggest that TBK1 might also be involved in regulating host defense responses to S. enterica after vacuole lysis occurs. The authors find that Nap1 and Sintbad contain a homologous amino-terminal region required for in vivo interaction with ubiquitin. However, this amino-terminal region does not bind ubiquitin directly, which suggests that there must be adaptor proteins that link the TBK1-binding proteins Nap1 and Sintbad to ubiquitinated bacteria. By affinity purification of host proteins able to link Nap1 and ubiquitin, the authors identify nuclear dot protein 52 (NDP52).
In vitro binding studies reveal that a zincfinger domain in NDP52 interacts with ubiquitin and a SKICH domain engages Nap1, which demonstrates that NDP52 functions as an adaptor linking ubiquitin and Nap1. Finally, immuno precipitation of NDP52 from mammalian cells recovers a complex containing TBK1, the kinase IKKε, Nap1 and Sintbad, which demonstrates that NDP52 is a (Fig. 1) .
In addressing the role of NDP52 in detecting cytosolic bacteria, the authors find that NDP52 localizes together with ubiquitinated S. enterica, whereas a NDP52 paralog called 'Cocoa', which lacks a ubiquitin-binding domain, does not 'decorate' the surface of cytosolic bacteria. Although immunofluorescence microscopy is successful in verifying a signaling complex containing NDP52, Nap1, Sintbad and TBK1 surrounding cytosolic S. enterica, localization studies are insufficient to conclude that NDP52 function is necessary for a host response that protects against cytosolic bacteria. That question is resolved by silencing of NDP52 expression. The total number of bacteria and the number of ubiquitin-positive bacteria are greater in S. enterica-infected cells expressing NDP52-specific small interfering RNA. Additionally, the authors find that NDP52 is important for restricting the cytosolic replication of S. pyogenes, which is ubiquitinated if it gains access to the cytosol, but not of Shigella flexneri, which has evolved mechanisms to efficiently replicate in the cytosol, including the ability to avoid being ubiquitinated. Thus, Thurston et al. establish that NDP52 is a true innate immune receptor involved in cytosolic surveillance.
But what is the mechanism by which NDP52 restricts the replication of cytosolic bacteria? Because the clearance of cytosolic bacteria involves the autophagy machinery, the authors investigate a possible role for NDP52 in regulating the autophagy of bacteria. The microtubule-associated protein light chain 3 (LC3) is recruited to autophagic membranes at an early stage of autophagosome biogenesis 10 . Thurston et al. find that NDP52 and LC3 localize together around cytosolic S. enterica, which suggests a connection between these factors. Diminishing NDP52 expression results in fewer autophagosomes containing S. enterica, and NDP52 binds directly to LC3 in vitro. Together these findings provide strong evidence that NDP52 is a critical adaptor able to direct the formation of an autophagic membrane around ubiquitinated bacteria in the cytosol of mammalian cells.
The unique features of NDP52 that are important for detecting cytosolic bacteria and activating cell autonomous responses remain to be determined. It is possible that a specific pattern of ubiquitin linkages displayed on the surface of cytosolic bacteria is bound 'preferentially' by NDP52; this would confer specificity on the recruitment of NDP52 to the poly ubiquitin coat displayed by these microbes. The ability of NDP52 to serve as an adaptor for TBK1 also seems to be critical in the cell-autonomous response, but what role TBK1 has in association with NDP52 remains to be determined. Importantly, enhanced replication of S. enterica is observed in cells overexpressing aquaporin-1 and treated with TBK1-specific or NDP52-specific small interfering RNA, which indicates a role for TBK1 not only in regulating the abundance of aquaporin-1 but also in regulating cellular functions by a mechanism that involves NDP52 and that occurs after bacteria gain access to the cytosol.
It has not been determined whether TBK1 in association with NDP52 is important for the initiation of autophagosome formation, so it remains a formal possibility that TBK1 promotes the assembly or maturation of the autophagic vacuole that eventually will sequester ubiquitinated cytosolic bacteria. It would also be worthwhile to investigate whether the protective functions conferred by TBK1 are related in any way to activities that require the proteasome. Early studies focusing on the ubiquitination of S. enterica in the cytosol showed that treating host cells with proteasome inhibitors enhance bacterial replication 5 . The exact role of the proteasome in restricting bacterial replication in the cytosol is not well understood, although it has been suggested that in macrophages, the proteasome may have a direct role in degrading cytosolic bacteria. Thus, TBK1 may be involved in regulating proteasomedependent events occurring at the surface of ubiquitinated bacteria. Of course, there exist many other possibilities for how TBK1 The vacuolar compartment in which S. enterica resides (SCV) matures into a specialized organelle that supports bacterial replication. After vacuole maintenance failures, a small but substantial number of S. enterica gain access to the host cytosol. Cytosolic bacteria are detected and targeted for ubiquitination by an unknown ubiquitin ligase enzyme (UBL). The autophagic receptor NDP52 binds ubiquitinated bacteria in the cytosol. NDP52 functions as a scaffold for the assembly of a TBK1-Sintbad-Nap1 signaling complex and recruits autophagic membranes through an interaction with LC3. TBK1 function is also important for regulating the abundance of aquaporin-1, which maintains SCV integrity, and in activating a host type I interferon response that assists in clearing cytosolic bacteria. Ub, ubiquitin.
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N e w S A N D V I e w S may promote cell-autonomous responses directed against cytosolic bacteria, which makes future investigations into this pathway of innate defense an exciting and important research venture.
T ype I interferons (interferon-α isoforms and interferon-β) are dominant mediators of antiviral immunity in vertebrates. An intact type I interferon response is critical for the survival of the host after viral infection. Since their initial discovery as soluble factors that 'interfere' with viral proliferation half a century ago, intense research has focused on type I interferon signaling, the plethora of type I interferon-mediated effects induced and also the mechanisms of their induction. Soon after the discovery of type I interferon, it was noted that nucleic acids derived from viruses can trigger the production of type I interferon. In line with those observations, several receptor molecules have since been identified that sense nucleic acids and are able to induce type I interferons. These receptors, called 'pattern-recognition receptors' , include members of the membrane-bound Toll-like receptor (TLR) family: TLR3, TLR7 and TLR9. These three TLRs can all sense viral nucleic acids and induce type I interferons 1, 2 . In this issue of Nature Immunology, Barton and colleagues now add TLR2 to this list 3 . However, in contrast to the ligands for other TLRs, nucleic acids do not seem to be the triggering ligands 1 .
TLRs can induce different transcriptional responses when activated by their cognate ligands. This can be explained largely by the recruitment of one or more adaptor proteins, which subsequently engage distinct signaling cascades. The adaptor MyD88, which is used by all TLRs with the exception of TLR3, induces a proinflammatory cytokine response, whereas the adaptor TRIF, which is used by TLR3 and TLR4, can trigger the transcription of genes encoding proinflammatory cytokines and type I interferons 2 . A critical checkpoint for the transcriptional activation of genes encoding type I interferons is phosphorylation of the interferonregulatory factors, mainly IRF3 and/or IRF7. TRIF uses the adaptor TRAF3 to recruit the kinase TBK1, which then phosphorylates IRF3 (ref. 2). In most cell types, MyD88 signaling does not lead to the phosphorylation of IRFs and thus TLRs that signal via MyD88 fail to induce type I interferon. This MyD88-TRIF dichotomy provides an explanation for the outcomes of TLR responses in most cell types in terms of their proinflammatory versus type I interferon transcriptional profile. Nonetheless, this simple model is challenged by two notable exceptions. TLR7 and TLR9, which signal exclusively via MyD88, are potent inducers of the production of type I interferon. However, this response is operative only in a certain subset of dendritic cells (DCs), the plasmacytoid DC (pDC). Indeed, in pDCs, MyD88 forms a unique signaling complex with TRAF3, the kinases IRAK1 and IKKα, and IRF7. In this complex, IRF7 is phosphorylated in an IRAK1-and IKKα-dependent manner and is then translocated to the nucleus to regulate the expression of genes encoding type I interferons 2 . Thus, it seems that in addition to differences in adaptor use, cell type specificity is important in determining TLR-mediated type I interferon responses.
In this issue of Nature Immunology, Barbalat et al. add another level of complexity to this picture and provide one more exception to the MyD88-TRIF dogma. Studying the innate immune response to various DNA viruses, they find that murine cytomegalovirus and, most prominently, vaccinia virus can induce the production of type I interferon in a manner that does not require viral replication. Surprisingly, this type I interferon response requires TLR2. Indeed, bone marrow cells from TLR2-deficient mice fail to elicit a type I interferon response when challenged with vaccinia virus inactivated by ultraviolet irradiation. In line with numerous published studies, 'classical' TLR2 ligands such as the triacylated lipopeptide Pam 3 CSK 4 do not trigger the production of type I interferon. Barbalat and colleagues go on to explain this discrepancy in a series of elegant studies. First they show that TLR2-mediated production of type I interferon requires MyD88 rather than TRIF and is independent of other nucleic acid-sensing TLRs. They find that bone marrow cells from 3d mice, which are dysfunctional in TLR3, TLR7 and TLR9 responses, have normal type I interferon production when stimulated with vaccinia virus.
All TLRs that can induce the production of type I interferon signal from endosomal compartments. TLR3, TLR7 and TLR9 access endosomal compartments directly through the endoplasmic reticulum 4, 5 , where they can initiate the induction of type I interferon. TLR4 follows the classical secretory pathway and is then trafficked from the plasma membrane to endosomal compartments via endocytosis for type I interferon signaling through TRIF 6 . TLR2, however, is thought to signal mainly from the plasma membrane. Barbalat et al. address the role of endosomal localization by blocking endocytosis or endosomal maturation using cytochalasin D or chloroquine. In fact, these experiments reveal that TLR2 also probably signals from the endosomal membrane specifically for induction of the type I N e w S A N D V I e w S
